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Flow Nicrofluoroaetrlc APPreachesto cdl rdnetics

Development ●nd ●pplication of Melt-speed flow systeme for

mtomatad tingle-cell ●nalysis of the D&Acontent of cell populations

hevc provided s unfque and powerful tool for uac in COI1-CYC18 studies

and cdl kinotk studies. AdV=CC8 in in8trtmaaCtochnoto~,coupled

with rapid DNAmainingmethode requiring only 10 (Krishao 197S) or

20 (Crismm aad Tobey 1974) minutes, can now be ueed to monitor the

cycle distribution of cdl populatiooa duria~ the couree of an ●%per-

iment, thue providin$ the investi&ator with ● opportunity for alterin~

● protocol ●t ●y ●ppropriate inmrvel. Iime-eequenc* ●aaplin* and
.

flouanalyois of cultured cells, uueU. ● fiomel●nd ter coil

populations, yidd valuable Infometion which mfloccs natural or

induced chan~as in c811 proliferation kinu;lcs. Tham tochuiquos have

been wed in our Laboratory to study the cffocts of x-irradiation on

cdl proliferation (Raju●t ●l. 1974), the kinetics of l~hocyte

population stimlwion by ●pacific ●ntiseae (Crem@ ●l. 1976), ●d

the ●ffects of various drug ●gents on cell-cycle progression (Tobey

end Crisman 1972, 19798; Tobey ●t ●l. 1975). Invcsti~tors in eany

ocher laboratories (Hilkt ● ●l. 1975; Schumann●t ●l. 1975; Kriohan

end Proi 1976) have ●lso wed fhu-syotem techniques for analysio of

CO1l kinetics in their own syotam (e.. ●lso the Procoadin-o of chs

?ir.t (lhanen ●t ●l. 1975) ●nd Second(&hde et ●l. 1976) Inear-

na-iontd Sywposia on PUISQCytophotowtry fcr ●dditional ~lcs].
.

Although tha glou ●icrofluorometric (lMY) techniques do riot pre-

cludo u.e of standard biochemical method. of cell-cycle ●nalysis, F?(P
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tiws offer, lm addition to spoad sad proc~sion of analysts, uvaral

bay advacm$as asoucltiad pratdowly (T-y and Crh8mm 197Sb)

but dssarvfnn rc~hasls bare. Anm8s tbs adv8nta&*s of Cbc Pm pro”

caduras *re tbs ●bility to (1) localize c*11s in S pbasa so as to

parmit distinction battmaa ●arly, ●id, ●nd lsta S pbaso c*11 popula-

cioms,(2) mnitor popuhtfons comprisad of slowly cravewiag or

mrastad cells, (3) aaalyza populatlomsd~voidof cellsin S phase or

tiwsis, (4) analyim populaciona concalaing CC1lS usable to cranspcrt

or utili%e 3M-thymidin@, and (5) dtstin$uish baeuaan intact and

fragile (dying) CC1lS, ●s will ba dmsrraead furtbar in cbis rtport.

?Iou-systam ●nalysis of othar important cdhdar paramat8rs can

w bs usad for rapld$ simultanaoua •aalys~s of cellularDNA, protsin,

call vol~, and 14@x .catt8rin8 of coils, with tha ●ddsd option o?

.

●lactronic aortlms of particular calls fulfillSn* ● sat of pradecermtmd

bhlo$ical criteria. ?rotdn contant and coli voluma aro hportant

callular prcpartim of inmrast, sW6* thsso paraaaters r*fhct tha

woaa biosyntbstic capacity of a cull Pcpulatioa. Light scattorin~ by

cells yields information on w1l ●t=. (Hullaaay OR ●l. 1%9) and/or

cellular morphology, dspand$n~ om tha an$h uwd for scatter ana2ysis

(Sal-n ●c al. 1975). Analysts of tba fhtorascance at~ls of c911s

●tainad for both D#A ●nd protoln providaa● aatbod for parformioq

wc18ar-to-cytoplasm4cdotermlwttonaof 8 cell population (Stsidump

sad Criss~n 1976). AS ●n ●lternate ●pproach,analysis of Rha fluore9-

cancosignal●nd mall-anglo llghc-scattar ●ignd froa

will ●lso yield information concwnins tbs cqrativa

ship of nuclws ●nd cytoplasm(Stoinkamp ●t ●l. 1976).

DNAstained cslls

sise rolation-
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In this repor~o we @ll present aewrd ~ks that demomatrate

the Vermtil+ty of Flow nicrofluoromatry, with particular emplwis on

use of th8 system for analysis of cell kiwtlco mdlor cellSrowth

in the in vivo U21O ●scites ●nd Lewis lung carcinoma model umor——

system ●8 *1% ●s the in vitro CHO call culture system Since w iave——
●

previously discussed the ●spects of cell dispersal, fixation, and stain-

ins (Crissman ●t ●l. i975), thess protocols will not be discussedin

de&atL. Mscriptiomsof tha desi~n ●nd operaciam. featuresof the

8ia@e-parameter (Van Dills

mltiparauter

1973; )tullmey

amlysis ●d

●t ●l. 1974)

cc ●l. 1964;Iiohsad Cram 1973)●nd the

cell sorting systems (Steiakanp ●t ●l.

haw been dtscussed●lsewhere.

MALVSIS OPTHSPR@LWEMTION KINETICS AND PROTEINCONTENTOFL1210

ASCITSS CELM
.

The L1210 leukemia was chosen ●s the standard model twr refer-

mce system for screon$ns and uvahtating chsmthempeut$c drugsat

the 1974 World Confmenco on Drug $creening held in Geneva,Switzerland

(Schepmts 1975). The twrori@ated in 1948 in the spleen●nd lymph

nt~e of mice whose skin had been painted with methylcholanthrene

(tiw ●t al. 1972). The tumor is propagated in viw in DBA/2 mice;.—

however, the BDF1 mouse (CS7B1/6 x DB3/2) is cmnly usedas the host

for drus testfn~. In the present ●tudy, the L121O ascites wero grown

fn MA/2 mfce foUowing ●n inAtia3 intraperitoneal inoculationot 105

Cel18. UnderL%eseconditions,hemorrhagingwas noticeableJn the

peritoneal cavity on ●boutday six or sevenand was extensiveat, death

(days eight to ten).
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Mica were sacr%ficad at dailyIntervala,beginningon day two

●fter tuner cell inoculation.Cellswere harvestedby aspiration,

washedonce in saline(W (balancedsaltsolutionlackingcalci~ and

~nesi-) containingO.5~EDTA, ●nd fixed in 70% ethanolfor MgC12

(Cri*-n and Tobey 1974) or for stainingof bothMA and protein,

respectively,usingpropidiumiodide(Calbiochem,0.1 ms/mlin phosphate-

buffered saline)and fluoresceiniaothiocyanate(J.T. SalterCo.,

0.05q/ml in 0.S ~ ●oditmbicarbonate●djustedto pll8.o), as pre-

viouslydescribed(Crissmsnand Steinkamp 1973).

Typical DNA distributionpatternsobtainedformithramycin-

●tained Populationof L121Ocellsobtainedon day~ two throughseven

●re shownin Figure1. Comparison of the~e DNA distributionsto Figure1

those of normal(dipleid)spleencells(notshown)indicatedthat the

Cl cells of”L1210 have ● 2C DNA content. The percentageof cellsin

G1z S, ●nd C2 +14, presentedgraphicallyin Figure2, was detemined Figure2

by computer-fitanalysisof the DNA distributionsusingthe Deanand

Jett prograa (1974). These data and dataobtainedfrom similar exper-

-ts in our Laboratoryvividly reveal changesin the proliferation

kineticpatternswhichare concomitantwith increasedcelldensityor

tumorage.

There IS ●n initiallag in tumor growthas indicatedby the low

percentage of cellsin S phaseon day two;however,a rapidincrease

in cellproliferationis apparentby days fourand five,followedby a

decreaaein proliferatingcellson day six. This dramaticdecreasein “

cellprogressioncapacitymay resultfromreleaseof cytotoxic sub-

stancesduringthe extensivehemorrhagingwhichbeginson day six.

,.
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The percentageof cells,inS phaseremainsunchangedon day seven;

however,thereis a sizableincreaseIn the C2 +H fraction. It is of

interestto note thatthe percentagesof cells in Cl, S, and G2 +#1

at the peakof growthon day fiveare quitecomparableto values

obtainedpreviouslyin our Laboratoryfor exponentiallyg~owjngL121O

cellsIn vitro (i.e.,percentagesin Cl, S, and G2 + M, respectively,.—

Of 29.2, 65.5, and 8.3).

Exmlnationof the DNA distributionpatterns(Figure1) reveals

some fine structureworthnoting. On day four, for example,there

appearsto be a slight but reproducible accumulation of cells in early

S phase,possiblysuggestingthatcellsare not traversingas rapidly

throughthatportionof theDNA replicatlvephase (i.e.,reflecting

differencesin the rate of DNA synthesisduringthatstageof tumor
.

development). Additional studies, including cell enumerationand %-

thymtdlneincorporation,obviouslyare necessary to providea more

detailedcharacterizationof the L121Oascitewsystem. Investiga-

tionsfnvolvinsthe continuouslabelingof cellswith 3H-thymidine,

followedby sortingof cellsfromvariousphasesof the cellcycle for

standardautoradiographyanalysis,wouldyieldinformationconcerning

non-traversingcells. The numberof arrestedor slowlytraversing

cellscouldbe assessed,sincethesecellswould showlittleor no

3H-thymidineincorporation.This techniquehas been usedpreviously

for populationanalysisof atrestedhumandiploidfibroblasts

(Dell’Oreoet al. 1975). .

Simultaneousanalysisof IMA and proteinprovidesusefulinforma-

tionrelatingto the biosyntheticcapacityof cells at variousphases
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of the cellcycle(Crissmanand Steinkamp1973). Sincea Sross~

balancein the DNA/proteiuratiotill ●ventuallylead to cell death,

analy8i9 of

useful also

celldeath.

DNA/protein

the quantitaeiva relationshipOF these parametersMy be

for elucidatingthe occurrenceof ●nsuing phase-specific

Figure3 presents sicgle-paramsterand dual-parameter Figure3

profilesfor L121Oascitescells. The protein content

distributionis similarto that obtained for culturedL121Ocells (not

dlown)●

We ●re currentlyusingDNA/proteinstaininsand simultaneous

analysistechniquesto study cellgrowthas ‘-11 as proliferation

capacity.Dual-paramtersortlagtechnlqus~whichpermitcell sorting

baaedon both DNAand protein contentcouldbe incorporatedintothe

%-chymidineand ●utoradlographicstudies

providean extremelysensitive analytical

suggested above. This would

system for studying cell

Mnetics in tumor systems.

ANALYSIS OF DNAAND PROTEIN

TIE LENISLUNGCARCINOMA

OF NORMAL CELLS ANDTUMORCELLS IN

Ths Lewis lungcarcinoasis a solidt-r systemwhichhas also

bean

(Se)

used for drug screening. Tumors●re propagated as subcutaneous

implantsin C57B1/6mice, and tests are

the BDF1mouseservingas host animal (Geran

(SC) t-umors grow rapidlyand till eventually

generallyperformedwith

et al. 1972). Prtiry

matastaslze to the lung

and other organs. This presentsan ir.terestingsystemfor studying

the growthkineticsof the tumor underdifferingin viw environmental——

cond~tlona.Simpson-Herrenet al. (1974)have recentlypresented
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resultsof ●utorad~ographicstudieswhichdemonstrateddifferencesin

themode of proliferation of the prkry tumor●nd lungmataatases of

the Lewis lungcarcinoma.

DNA and proteindistributionsof primarytumorand lungmatastaaes

of the L&dis lungcarcinomafromC57B1/6mice are shownin Figures4 Figure4

and 5, respectively.In preparationfor theseanalyses,primarytumors Figure5

or

Q1

in

lungtumorsware forced through.SOO-l,urITeflonmesh into cold saline

containing0.5 ~ SDTA. The tumor=teris~ was pipetted20 times

cnd out of a 5-mlpipetteand then filtered firstthrougha 120-P

filter and thena 62-Mm nylon filter. Cellswere pelletedby centri-

fu~tlon,washedonce in salineCM plusEDTA,fixsdin 70% ethanol,and

stainedfor both DM and proteinas describedfor L121Ocells.

Basedon resultsobtainedin both cellsortingexperimantaand DNA

contentanalysis of diplotdspleencelln,the peakdesignated2C in

theDNA distributionsshownin Figures4 and 5 is normalcells,and

the secondand thirdpeaksrepresent,respectively,theCl (4C)and

C2 + M (8C)populationsof the L.mr cells. The percentagesof cells

in Cl, S, and C2 +Mware 38.7,54.9,and 6.4,respectively,for the

primary tumor and 58.8, 32.0, and 9.2, respectively,for”themetastatic

population.The fractionof cellsin S phasefor the lungmetastasis

is in good agreement with the pulselabelingindex(36%)obtainedby

Simpson-Herrenet al. (1974)in spontaneousmetastaticlung tumors

17 dayuafterimplantationof the primary(SC)tumors. That investiga-

tionyieldeda much lowerlabelingindex(26%)for primarytuwrs than

the 54% S phasefractionobtainedin our studies. However,several

significantdifferencesin experimentaldesignof the two studiesmake
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it difficult to co=par+ the reeults dfrectly. Ths protein distribu-

tions of no-l lungcells (dottedline.)and tumor cells (solidlines)

ti Figures4 and 5 were obtainedby gatedanalysh of the DFU dis-

tributionsin regionslabeled(i)and (2), respectively. Tumm cells

have a greater proteinMss than most norw.1celle. .

BON1 cellsare present in mmt solid tumrs where they function

In variousaspectsof nutrf~ion (i.e.. prcvide adequete blood supply)

or where they aid In providing a framework system for tumor architecture.

In spiteof the factthatthe numberand typesof normalcellswet change

duringthevariousstagesof mmor development,little

mede to exploitthisphenomenonforcharacterizingthe

sta8esof tumorgrowthand proliferation.

In the contextof drug-valuation,the effects of

attempthas been

developmental

var.ouschemical

agents on normalcellsare often as important as the effects on the tumor

cellpopulation.In ●itherinstance,use of the techniquesdemonstrated

hereshouldbe extremelyuseful. Sortingof cellsbasedon DNA content

meseurementscan providea concentratedpopulationcomposedof large

numbersof normalcellsformicroscopicanalysis. Proteincontentana.L-

ysesof normalcellsand tumorpopulationswouldbe usefulfor determin-

ing the physiologicalconditionof cellsduring

DE~TloN oF ~GILE (DYING)AND INTACT CELLS

Dead or dying celle are present in varying

drug testing experiments.

proportions in most

tumorsystemsand are also foundin greatabundancefn cellsystems

thathavebeen treatedwith chemotherapeuticagents. Information

concerningthe relativeproportionof dyingto livingcells,as well
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●s the cellcyclephasein whichcelldeathoccurs,wouldbe extr~ly

usefulforstudyfngtuao=cellkinetic.or for elucidatingthe @aae-

epeciffccytotoxic effect of drugs.

We have recently devised●nd utilised● aethodfor detectingdying

(fragtle) cellsin specificphasesof the cellcycle (Tobey and Criss-

mm 197Sb). The technique~loys both theacriflavine-FedgenDNA

●tsinlngprocedure(Tobeyet ●l. 1972)whichdestroysfragileor dying

cellsand th~mild,one-step mlthramycin staining metnod whichseemeto

preserve :he fragile cellsufficientlyfor flowanalysis. Figure 6 Figure 6

ahOWStheDNA contentdistributionsof Chinesehamster(lineCHO) cells

treated for two hourswith 8CNU (A),CCNU (B),or Me-CCNU(C),thenre-

suspendedin drug-free mediumand harvestedfourdays post-drugtreat-

ment (for complete details of the utudy, see Tobey and Crissman 1975b).

Duplicatesamplesof eachdrug-treatedpopulationwere etainedusing

the●criflavine-Feul$enprocedure(opencircles)or themithramycia

technique(solidcircles)and analyzed.Comparisonof the DNA profiles

●hewn in Fi8ure6 revealsa lowerproportionof acriflavine-stained

cells,particularlyin the 4C and 8C regionsof theDNA spectra. This

observationsuggests thatthe long-termcytotoxiceffect of these

nitrosoureacompoundsis exertedprimarilyon the 4C and 8$:cellpopula-

tions. This doesnot precludethe possibilitythatcelldamagewas

causedinitiallyin someotherphaseof the cellcycle. Cellsable to

d%videSn the presenceof thedrugor non-traversingCl (2C) cellswere

the leastaffectedby thesesompounds.
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SUMMARY

We have presented in this report data obtained

of in vivo model tumor systems and the in vitro CHO.— ——

in an effort to demonstratea few of the biological

flow systems, particularly for use in cell kinetics

by FMF analysis

cell culture system

applications of

and ckll growth

studies. Flow systems are no longer viewed as ltibo~atorynovelty items

or “electronicgadgets,” as they were referred to a decade or so ago.

Experimentsperformed in laboratories throughout the world have pro-

vided credibilityand respectability to this un&ue methodology.

.-
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ABBREVIATIONS

BCNU = 1,3-bis(2-chloroethyl)-l-nitrosourea

CCNU = l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea

DNA = deoxyribonucleicacid

EDTA u disodium ethylenediaminetetraaceticacid

EtOH = ethanol

Me-CCNU = l-trans-(2-chloroethyl)-3-(4-methylchlorohe~l)-l-

.

nitrosourea

saline GM = phosphate-bufferedbalanced salt

1.1 s/1 glucose but lacking calcium and

solution containing

magnesium

.
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Figure 1. DNA content di~tributione of mithrsmycin-stainedL121O

ascites cells grown in DBA/2 mice and harvested on days two through

seven.
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Figure 2. Progression of L121O ascitea cells through the Gl, S,

●nd G2 + M phases of the call cycla on days two through eight.

.
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Figure 3. Single-parameterand dual-parameteranalysis of MA

and protein in L121O ascites cells.
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Figure 4. DNA, protein, and gated protein distributions of normal

lung cells (----- ) and tumor cells (— ) of primery Lewis lung

carcinoma cell populations.

.
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F@ure 5. DNA, protein, and gated protein distributionsof normal

cells (-----) and tumor cells (— ) in lung metastasis of the

Lewis lung carcinoma.
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Figure6. DNA distributionsof CHO cellstreatedwith BCNU (A),

CCNU (B),or Me-CCNU(C)and stainedeitherby theacriflavine-

Feulgenprocedure(opencircles)or themithramycintechnique

(closedcircles).
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